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ABSTRACT 
Noisy listening conditions remain challenging for most 
cochlear implant patients. The present study simulated the 
effects of decay rates of excitation spread in cochlear 
implants on the intelligibility of Mandarin speech in noise. 
Mandarin sentence and tone stimuli were processed by 
noise-vocoder, and presented to normal-hearing listeners for 
identification. The decay rates of excitation spread were 
simulated by varying the slopes of synthesis filters in noise-
vocoder. Experimental results showed that significant 
benefit for Mandarin sentence recognition in noise was 
observed with narrower type of excitation. The performance 
of Mandarin tone identification was relatively robust to the 
influence of excitation spread. The results in the present 
study suggest that reducing the decay rates of excitation 
spread may potentially improve the speech perception in 
noise for cochlear implants in the future. 
 
Index Terms – Cochlear implant, excitation spread, 
Mandarin speech perception 
1. INTRODUCTION 
Nowadays, cochlear implant (CI) is the only medical 
treatment to restore partial hearing to a severely-to-
profoundly deafened person [1]. CI device inserts electrodes 
into the scala tympani of the cochlea, bypasses the hair cells, 
and directly stimulates the residual auditory nerves to elicit 
speech perception. As of 2008, over 120,000 patients 
globally have benefited from CI technique. Although many 
CI users are enjoying high levels of speech understanding in 
quiet, noisy listening conditions remain challenging for most. 
One limitation with cochlear implants is the difficulty 
stimulating spatially discrete spiral ganglion cell groups 
because of the channel interaction or the spread of current-
excitation to generate the electrical field. A number of 
factors can influence the channel interaction in cochlear 
implants, e.g., the electrode configuration (e.g., bipolar or 
monopolar), and the distance between electrodes and spiral 
ganglion cells [2-3]. 
The effects of excitation spread on CI speech recognition 
remain unknown.  Many studies hypothesized that bipolar 
electrode configuration (with an electrical-current decay rate 
of about 8 dB/mm, e.g., [4]) was more beneficial than 
monopolar configuration (with a decay rate of about 4 
dB/mm) in terms of improving speech perception for CI 
patients. These hypotheses, however, need to be interpreted 
with caution given the large number of confounding factors 
associated with cochlear implants. It is not easy to assess or 
delineate the impact of each of those factors on speech 
perception due to interaction among them. Foremost among 
them is the variability in surviving nerve fiber sites and the 
differences in the distribution of neural sites containing 
excitable neuron elements among CI patients. These 
confounds make it extremely difficult to gauge the 
perceptual effect of excitation spread. For instance, subjects 
showed stronger preference for monopolar stimulation over 
bipolar stimulation in some studies [5]. 
Vocoder simulations have been used widely as an 
effective tool for assessing the effect of these confounding 
factors in the absence of patient-specific confounds (e.g., 
neuron survival sites) associated with cochlear implants [6-
7]. These simulations have been shown by many to provide 
results consistent with the outcomes of CI patients. In these 
simulations, speech is processed in a manner similar to the 
CI speech processor and presented to normal-hearing (NH) 
listeners for identification (see review in [8]). Hence, 
vocoder simulations are used in this study to examine the 
effects of excitation spread on the intelligibility of Mandarin 
speech (sentences and tones). The listening experiments in 
the present study were designed to answer the following 
questions: (1) How would excitation spread affect the 
intelligibility of Mandarin speech in noise? (2) Does 
excitation spread have the same impact on the perception of 
Mandarin sentence as that of Mandarin tone? 
  
2. METHODOLOGY 
2.1. Subjects and stimuli 
 
Seven (4 male and 3 female) NH native Mandarin-Chinese-
speaking subjects participated in the experiment. The 
subjects’ ages ranged from 22 to 25 years, and the majority 
of subjects were graduate students at Tsinghua University. 
All subjects were paid for their participation. 
The sentence material consisted of sentences taken from 
the Mandarin Hearing in Noise Test database [9]. There 
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Fig. 3. Mean recognition scores for (a) Mandarin sentence and (b) tones as a function of SNR level. The error bars denote one standard 
error of mean. 
of vocoder in Bingabr varied from 4 to 16 in order to 
investigate the effect of interaction between spectral 
resolution and spread of excitation on speech intelligibility. 
The band number in this study is fixed, i.e., 13 out of 22. 
Hence, the results of this study show how intelligibility 
varies at a fixed spectral resolution, which mimics the N-
out-of-M strategy used in present CI processors. 
 
2.3. Procedure 
 
The experiment was performed in a sound-proof booth, and 
stimuli were played binaurally to listeners through a 
Sennheiser HD 250 Linear II circumaural headphone at a 
comfortable listening level. Prior to the test, each subject 
attended a training session to become familiar with the 
testing procedure and the noise-vocoded stimuli. Each 
subject participated in a total of 9 testing conditions (= 3 
SNR levels × 3 decay rates of excitation spread) in the 
Mandarin speech recognition test. The order of the 9 testing 
conditions was randomized across subjects. For the 
Mandarin sentence recognition test, a total of 20 sentences 
were used per condition, and none of the sentences were 
repeated across testing conditions. The subjects were 
instructed to repeat the words in the testing sentences as 
accurately as possible, and were allowed to repeat the 
stimuli as many times as they wanted. For the Mandarin 
tone identification test, each condition consisted of two 
presentations of each vowel stimulus spoken by a male and a 
female talker, and each subject listened to 96 randomized 
vowel stimuli (= 2 repetitions × 2 speakers × 6 vowels × 4 
tones) per condition. The Mandarin tone responses were 
collected with custom software using a computer display of 
response alternatives and a mouse as a response key. The 
subjects were allowed to use a repeat key as many times as 
they wished to repeat the presentations of the test stimuli 
during the tone test. The percent correct score for each 
condition was calculated by dividing the number of 
words/tones correctly identified by the total number of 
words/vowel stimuli in a particular testing condition. 
Subjects were given a 5-minute break every 30 minutes 
during the test. 
 
3. RESULTS 
Mean recognition scores for MHINT sentences and tones for 
all conditions are shown in Fig. 3. Statistical significance 
was determined by using the percent correct scores as the 
dependent variable, and SNR levels and decay rates of 
excitation spread as the two within-subject factors. For 
Mandarin sentence perception, two-way analysis of variance 
(ANOVA) with repeated measures indicated a significant 
effect (F[2, 12]=82.79, p<0.0005) of SNR level, a 
significant effect (F[2, 12]=221.42, p<0.0005) of decay rate 
of excitation spread, and a significant interaction (F[4, 
24]=7.87, p<0.0005) between SNR level and decay rate of 
excitation spread. Post hoc tests, according to Fisher’s Least 
Significant Difference (LSD) test, revealed that the scores 
with s=16 dB/mm condition were significantly (p<0.05) 
higher than those obtained with s=1 dB/mm and s=4 dB/mm 
conditions at three SNR levels. Scores with s=4 dB/mm 
condition were significantly (p<0.05) higher than those 
obtained with s=1 dB/mm condition at three SNR levels. 
For Mandarin tone identification, ANOVA with 
repeated measures indicated a significant effect (F[2, 
12]=20.62, p<0.0005) of SNR level, a significant effect (F[2, 
12]=30.94, p<0.0005) of decay rate of excitation spread, and 
a non-significant interaction (F[4, 24]=1.87, p=0.1297) 
between SNR level and decay rate of excitation spread. Post 
hoc tests only revealed that the scores with s=4 dB/mm 
condition were significantly (p<0.05) higher than those 
obtained with s=1 dB/mm condition at three SNR levels. 
There was no significant difference between scores obtained 
with s=16 dB/mm and s=4 dB/mm conditions at 0 and 5 dB 
SNR levels. 
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4. DISCUSSIONS AND CONCLUSION 
Bingabr et al. showed that, in noise-vocoder based 
simulation study, reducing the spread of excitation had little 
effect on recognition of English sentences and words in 
quiet, when the spectral resolution was adequate (i.e., >8 
channels); however, a comparatively larger effect was 
observed with recognition of sentences in noise [4]. The 
present studies also suggested the potential advantage of 
using more focused excitation to stimulate auditory nerves 
and elicit hearing, especially in noise. Recently, novel 
technologies are being developed to use more focused 
excitation to stimulate auditory nerves, e.g., optical 
stimulation [11]. However, besides the decay rate of 
excitation spread, numerous factors (e.g., duration of 
deafness, and surviving neural pattern) may also affect the 
performance of CI users in quiet and noisy conditions; hence, 
further studies need to be performed to manifest the 
advantages of the focused excitation in cochlear implants. 
The present results show that, compared with the more 
pronounced response to noise level and decay rate of 
excitation observed in Mandarin sentence recognition task, 
the performance of Mandarin tone identification is relatively 
robust. This indicates that factors other than tone 
identification account more for the degradation of Mandarin 
sentence understanding. For instance, the acoustic 
boundaries or landmark could play a more important role in 
speech perception in noise [12].  
The findings in this study also shed light on investigating 
the relationship between Mandarin tone identification and 
sentence recognition in maskers. Although many studies 
have examined Mandarin tone identification in quiet [13], 
only a limited number of studies have investigated how CI 
hearing performs in tone-identification task with noise being 
present. The robustness of Mandarin tone recognition in 
noise might be partially due to the following two factors. 
First, acoustic cues on lexical tone identification mainly 
exist in vowel segments, and thus might be better recognized, 
as vowel segments usually have stronger energies and more 
favorable local SNRs than other segments (e.g., consonants). 
Second, there are only four choices for tones, and such a 
higher chance level may make tone recognition more robust 
than consonant or vowel recognition. More work still needs 
to be done to examine the relationship between Mandarin 
sentence recognition and tone identification, particularly in 
noise. 
In conclusion, the present study evaluated the effects of 
excitation spread on the intelligibility of Mandarin speech in 
cochlear implant simulations. The decay rates of excitation 
spread were simulated by varying the slopes of synthesis 
filters in noise vocoder. Experimental results showed that 
significant benefit for Mandarin sentence recognition in 
noise can be obtained with narrower type of excitation. In 
addition, the performance of Mandarin tone identification 
was relatively resistant to the influence of excitation spread, 
in contrast to that of Mandarin sentence recognition.  
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